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Abstract 
Since the manufacturing process information and their mutual relationship are complex and diverse, the clear and accurate description and 
modeling of manufacturing process information is a challenge in related study of manufacturing process. Considering the diversity of the 
process data, a four-layer framework for manufacturing process information modeling based on metamodel is proposed. A 4-tuple 
manufacturing process information metamodel is specified and the concepts and relationships of the manufacturing process information are 
represented by UML. Following the four-layer hierarchical modeling procedures in the framework, manufacturing process information can be 
modeled from metamodel to model in consistence with their data relationships and representations. An instance of information model regarding 
to machining process is developed for verification. This work provides a systematic and standardized modeling method and information 
expression mechanism for manufacturing process information modeling. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Process planning is a stage in the product life cycle that 
connects product design and manufacturing. The 
manufacturing process information gained from process 
planning, which includes all the required information of the 
manufacturing process of part/product, provides guidance and 
command information for the manufacturing process [1]. 
Taking the machining process information for example, it 
includes the information of parts and process, such as 
operation, step, cutting parameters and information related to 
the NC program. Meanwhile, it includes manufacturing 
resources and organization information of the manufacturing 
process. Manufacturing process information modeling can 
formally describe the process information so as to better 
satisfy the functional requirements of the process planning 
system. However, as the different aspects of manufacturing 
process information and the relationship between them are 
complex, it is indispensable to have a clear and accurate 
description of manufacturing process information modeling, 
which has been a shortcoming of the existing literature. 
 Existing products and manufacturing-related information 
models, such as the Core Product Model (CPM) proposed by 
NIST [2,3] and the Purdue Enterprise Reference Architecture 
(PERA) [4], mainly describe the information of the product 
itself or the manufacturing process, lacking a formalized 
expression for manufacturing process information. 
Meanwhile, the information integration model for process 
planning and production planning [5], the MBD-based 
manufacturing process information modeling [6] and other 
related works only describe process information for certain 
application scenarios, while there is a demand on a 
comprehensive description of the general manufacturing 
process information. Moreover, the existing manufacturing 
process information models tend to have a weak hierarchy, 
which adds much difficulty to the clear organization and 
standard expression of process information. 
Metamodel is a model that describes the common syntax, 
semantic or structural features of a class of models, which 
provides elements for constructing models in this domain and 
helps to establish a unified and standard modeling system for 
certain domain [7]. Based on metamodel, Komoto proposes a 
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product modeling framework, and builds a hierarchical CAD 
system for complex conceptual design [8]. To provide 
companies with a generic and flexible environment for 
software measurement which facilitates a common and 
effective measurement process, García proposes a metamodel 
for the definition of software measurement models [9]. 
The goal of this paper is to effectively construct and 
organize a general manufacturing process information model 
at the stage of process planning. In order to achieve this, 
metamodel is introduced to build the framework of 
manufacturing process information modeling. A 
manufacturing process information metamodel represented by 
Unified Modeling Language (UML) is proposed, which 
provides guidance and constraints for the establishment of 
manufacturing process information model and builds a unified 
form for expressing metamodel and model of manufacturing 
process information. 
2. Framework of manufacturing process information 
modeling based on metamodel 
In manufacturing process information modeling, regarding 
to the characteristics of the process planning domain, process 
information modeling should conform to four rules: 
consistency, accuracy, completeness and generality. This is 
required in order to establish a clear and comprehensive 
description of the manufacturing process information, and to 
assist the development of process planning systems. 
x Consistency. Manufacturing process information model 
should be consistent with the requirements of expressing 
complex information in process planning to keep 
objectivity in model description. 
x Accuracy. As a support for modeling and system 
development, manufacturing process information model 
should accurately convey actual manufacturing process 
information, especially for complex relationships in 
multiple process routines. 
x Completeness. Manufacturing process information model 
should completely express the data and process 
information in process planning, and provide a 
comprehensive definition of the process itself as well as 
related products, manufacturing resources and other 
information. 
x Generality. Manufacturing process information model is 
not constructed for a certain type of process, but to support 
the expression of a variety of products and machining 
process, assembly process and other manufacturing process 
information, which must be generalized. 
To meet the above-mentioned rules of manufacturing 
process information modeling, and to construct the model 
independent of specific products and processes, a metamodel 
is used to abstract and formalize the basic concepts and 
properties of manufacturing process in the development of 
product. On the basis of metamodel, manufacturing process 
information model is constructed with the hierarchical 
modeling approach from the metamodel to model. There are 
two main advantages, which are as follows: 
(1) Modeling with the guidance of manufacturing process 
information metamodel, modelers can avoid the limitations of 
experience, and more accurately and efficiently establish a 
standard information model, which reflects the rules of 
accuracy and consistency. 
(2) Metamodel is a generalized description of the 
manufacturing process information, so it has a wider 
application range, and adapts to more application scenarios, 
which requires better completeness and generality in 
description of manufacturing process information. 
Figure 1 shows the four-layer framework of manufacturing 
process information modeling based on metamodel, including 
the meta-metamodel layer, metamodel layer, model layer and 
data layer. The structure and the mutual relationship between 
different layers of the framework are demonstrated. 
 
 
Fig. 1. Framework of manufacturing process information modeling. 
The meta-metamodel of the modeling framework is the 
universal object-oriented Meta Object Facility (MOF) 
released by Object Management Group (OMG) [10], thus the 
manufacturing process information metamodel is constructed 
by UML. Metamodel layer describes the types and 
relationships of the elements of information model in the 
model layer, extracts the common attributes and semantics of 
information model, and moreover, formally represents the 
universal concepts of manufacturing process information, 
such as operation, step and part. Therefore, the metamodel 
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should meet the rules of consistency, accuracy, completeness 
and generality. The metamodel proposed in this paper can be 
expressed as a set of objects, attributes, operations and 
constraints. Its formalization is defined as a quadruple 
{ , , , }MM Obj Atb Opt Cons , where MM  represents the 
metamodel, Obj  is the object of the metamodel, Atb  
represents attribute, Opt  represents operation and Cons  is the 
constraint of the elements of the metamodel. 
Model layer is the instantiation model of the metamodel, 
which means that model layer is the inheritance and 
implementation of the classes in metamodel layer. Through 
methods like aggregation and inheritance, the universal 
concepts of manufacturing process in the metamodel are 
concretized in the model layer, and then the manufacturing 
process information model related to certain application 
scenarios is established, which describes the categories and 
relationships of process planning data. Since the metamodel 
layer and the model layer is constructed by the same modeling 
language UML, the modeling framework is standard and 
precise, and the metamodel can be extended accurately to the 
model layer. Meanwhile, the hierarchical modeling approach 
can effectively ensure the consistency and accuracy of 
modeling. Data layer consists of the input, production and 
output data of digital process planning system. It is an 
instance of the model, and directly interacts with users of the 
system. 
3. Constructing manufacturing process information 
metamodel 
Metamodel is the basis of the process planning modeling 
framework. In this section, the metamodel of manufacturing 
process information is constructed according to its 
construction procedures. An example regarding to the 
construction of the machining manufacturing process 
information is provided to verify the hierarchical modeling 
mechanism. 
3.1. Procedure of constructing metamodel 
The metamodel of manufacturing process information 
constructed in this paper is based on the comprehensive 
analysis of common data types, representation schemes and 
relationships in manufacturing process, and then represented 
by UML. Towards this, three initial steps are taken 
(iteratively): 
Step 1: Identification of the basic concepts of the 
manufacturing process. According to description of the 
manufacturing process information in the application protocol 
AP-240 of the Standard for the Exchange of Product Model 
Data (STEP), any manufacturing process can be seen as a 
combination of objects and relationships. Thus, identifying 
the basic concepts is to identify the basic objects and 
relationships of the manufacturing process. In the process 
planning domain, object classes include operations, steps, 
resources and organization, and the relationship classes are 
used to describe the relationships between the object classes. 
Step 2: Analysis of the relationship between concepts. 
There are four types of relationship, namely generalization, 
composition, aggregation and association. The existence of 
relationship between concepts needs to be identified and then 
the type of existing relationship should be distinguished. For 
instance, the manufacturing artifact (This term is referred to 
as artifact for short in the following) generally refers to part, 
assembly component, product, raw material. Therefore, the 
relationship between artifact and part is generalization. An 
operation uses artifact so the relationship between them is 
association. 
Step 3: Expression of metamodel. According to the basic 
concepts and the relationships acquired by the first two steps, 
the formalized expression of the metamodel is obtained using 
the UML graphical representation method. 
Steps 1 to 3 do not depend on any specific product or 
process. The metamodel is not expected to be large enough to 
express the manufacturing process information to the same 
level of detail as the model itself intends. It provides a 
complete set of concepts which describe all models to be 
included in any process, but not necessarily provide required 
details for all the information model, which means that some 
details are left to each information model. 
3.2. Manufacturing process information metamodel 
According to the construction method of the metamodel, 
manufacturing process information metamodel consists of 
three sets of elements, namely object classes, relationship 
classes, and relationships. A brief description of all three has 
been given below: 
The object classes represent the general concepts of 
manufacturing process information, which is used to 
uniformly establish association among process, artifact, 
manufacturing resource, organization and document. 
Relationship classes represent the relationship between 
concepts, which are used to implement the requirements about 
multiple process routines, multiple sets of manufacturing 
resources and material management at operation level. 
Moreover, there are four relationships representing the 
relationship between classes of the metamodel, called 
association, aggregation, composition and generalization. A 
UML class diagram of manufacturing process information 
metamodel is shown in Figure 2. 
 
 
Fig. 2. Manufacturing process information metamodel. 
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In order to provide a clearer exposition, selected portions 
of Figure 4 are explained separately as follows. 
(1) Object classes 
There are five object classes, named Operation, 
ManufacturingArtifact, ManufacturingResourcesSet, 
Organization and Document. 
x Operation represents the unit of manufacturing process. A 
process is composed by a list of operations, while an 
operation contains certain steps to implement the 
operation. 
x ManufacturingArtifact represents the information of 
product or raw material to be manufactured in a process, as 
well as the part to be produced, assembly components from 
the process. It includes results of the product design stage 
and manufacturing-related management information, such 
as geometry, function, material, characteristics and 
quantity of product. 
x ManufacturingResourcesSet represents sets of 
manufacturing resources used in the process. Because 
manufacturing resources often need to be used in 
combination, the definition of ManufacturingResourcesSet 
represents a collection of manufacturing resources used in 
the process. If a manufacturing resource solution is chosen, 
all the manufacturing resources with respect to the solution 
will be used in the implementation of the process. 
x Organization is the organizational units that implement 
the process, including information about workshop and 
staff. 
x Document defines the general information of input, 
generation and output in the process, and its attributes 
includes number, name, function, format and version. 
(2) Relationship classes 
In metamodel of the manufacturing process information, 
there are three relationship classes, named 
Connection_Operations, Rel4Process2Artifacts and 
Rel4Operation2ManuRes. 
x Connection_Operations refers to the relationship between 
operations, which defines three attributes named 
is_following, is_and_split and is_or_split. If the value of 
is_following is true, it means that the relationship between 
operations is sequential, and the overlapping of two 
operations does not occur at any time. If is_and_split is 
true, it means the relationship between operations is AND, 
which refers to independence of the order between 
operations, and all of the operations are inevitably 
executed while the execution order of these operations has 
no limit. If is_or_split is true, it means that the relationship 
of operations maintains OR relationship, one operation can 
substitute the other operation if they have identical or 
similar manufacturing capabilities. Operations that possess 
OR relationship are mutually exclusive, so in this situation, 
only one operation can be executed. 
x Rel4Process2Artifacts is the relationship between process 
and artifact. When it comes to a certain process, the related 
artifact contains input and output artifact. Input artifact is 
the artifact used or consumed by an operation, and output 
artifact is produced by the operation. Along with the 
implementation of the operation, the artifact may be 
merged, decomposed or combined, therefore, three 
attributes are named as artifactsCombine, artifactsSplit and 
artifactsSynchronize. artifactsCombine indicates that the 
relationship between input and output artifact is many-to-
one. artifactsSplit indicates that the relationship between 
input and output artifact is one-to-many. And 
artifactsSynchronize indicates that the input artifact is 
same as the output artifact. 
x Rel4Operation2ManuRes is the relationship between 
operation and manufacturing resource. In order to provide 
a variety of available options for the actual manufacturing, 
operation often needs to specify a variety of alternative 
manufacturing resources, which is the replacement of each 
other having identical or similar capabilities and functions. 
Attribute resource_set represents the use of manufacturing 
resource, and the specified operation adopts the 
manufacturing resource solution. substitute_res_set 
specifies multiple manufacturing resources solutions, only 
one of which will be used by the operation. 
3.3. An instance of the construction of manufacturing process 
information model based on metamodel 
After the metamodel is completed, the mechanism for 
constructing manufacturing process information model based 
on metamodel focuses on the extension of metamodel through 
certain mapping methods. Because of the use of UML to 
uniformly construct metamodel and model, object-oriented 
methods can be adopted to extend the metamodel to 
manufacturing process information model. There are two 
methods as follows: 
x Inheritance. Metamodel is a common abstraction of all 
sub-models, and information model reuses the parent class 
information by inheriting the attributes, constraints and 
operations, while adding its own attributes and operations. 
Inheritance provides an extension and reuse mechanism for 
metamodel-based integration. 
x Aggregation. Formed by the aggregation of attributes and 
constraints, the class in sub-model is the aggregation of 
several classes and relationships in the metamodel. Sub-
models can also aggregate other sub-models, but in this 
case the duplicate definition of the attributes should be 
eliminated, so that it does not cause any inconsistent 
expression for the same attribute. 
Figure 3 shows an example of inheritance and aggregation. 
Class Machine and Fixture in the model layer are generated 
by inheriting class ManufacturingResource in the 
metamodel layer. As the association between 
ManufacturingProcess and ManufacturingArtifact is 
defined in the metamodel, both of them are extended to class 
ProcessPlan in model layer by aggregation of attributes. By 
the extension mechanism from metamodel to model, the 
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classification and combination methods are defined for each 
object of manufacturing process information, such as 
operations, parts, attributes, constraints. It provides scalability 
and consistency for unified data source based on metamodel. 
 
 
Fig. 3. An example of extension from metamodel to model. 
Figure 3 shows an example of inheritance and aggregation. 
Class Machine and Fixture in the model layer are generated 
by inheriting class ManufacturingResource in the 
metamodel layer. As the association between 
ManufacturingProcess and ManufacturingArtifact is 
defined in the metamodel, both of them are extended to class 
ProcessPlan in model layer by aggregation of attributes. By 
the extension mechanism from metamodel to model, the 
classification and combination methods are defined for each 
object of manufacturing process information, such as 
operations, parts, attributes, constraints. It provides scalability 
and consistency for unified data source based on metamodel. 
All of the classes and relationships defined in the 
metamodel are the basic concepts of the process planning 
domain, which is independent from specific products and 
processes. In this section, taking machining process as an 
example, the manufacturing process information model based 
on the metamodel is presented. Regarding to the 
characteristics of the machining process planning, the process 
plan is used to instruct the activities of manufacturing process. 
The mapping of classes between the metamodel and model is 
shown in Table 1. 
Table 1. The mapping of classes from metamodel to model. 
Classes in metamodel Extension method Classes in model 
ManufacturingProcess and 
ManufacturingArtifact 
Aggregation ProcessPlan 
Operation Inheritance Operation 
Step Inheritance Step 
Part Inheritance Part 
Staff Inheritance Operator 
ManufacturingResourcesSet Inheritance 
Machine, 
CuttingTool, Fixture 
and 
MeasuringInstrument 
 
 
Fig. 4. Machining process information model. 
Figure 4 is a manufacturing process information model for 
machining process based on the metamodel, which mainly 
defines the process plan, operation, step, part, operator, 
machine, cutting tool, fixtures, measuring instrument and 
cutting parameter etc. The attributes of each class are defined 
in addition to inheriting the parent class of the metamodel. 
Certain attributes also need to be extended for machining 
process, such as attribute of Operation related to Fixture. 
Also, certain new classes are created, such as 
CuttingParameter. 
Constructing the manufacturing process information model 
based on the metamodel is beneficial to the unified and 
standard expression of public attributes and objects of 
different products and processes, which improves the 
efficiency and accuracy of modeling. 
4. Conclusion 
Process planning plays a key role in quick conversion from 
product design to manufacturing and improves the efficiency 
of product development. The main contribution of this work is 
to provide a systematic and standard modeling framework for 
process planning, as well as a detailed metamodel guidance to 
manufacturing process information modeling implemented by 
UML, which is the foundation for the conversion and 
evolution from the metamodel to model, and then to data 
model of application system. 
The future work is to focus on the unified data modeling 
for product lifecycle based on metamodel. Regarding the 
information interactions among process planning, design and 
manufacturing at the metamodel level, an effort is to be made 
to solve data integration problem of product design, process 
planning and manufacturing. 
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